Background {#Sec1}
==========

Post-weaning diarrhea usually results in high morbidity and mortality of piglets, which is a serious issue in pig production. The subsequent decline in growth rate has brought enormous economic losses in swine industry. Diarrhea in weaning piglet is mainly caused by weaning stress, lactogenic immunity deprivation, diet and environmental changes. Stress associated with early weaning leads to continuous impairment of intestinal barrier function in pigs \[[@CR1]\]. The intestinal barrier consists of a single layer of columnar epithelium and intercellular tight junctions of enterocytes \[[@CR2]\], which serves as an important defense mechanism against hostile environment in the intestinal lumen. The complete intestinal barrier not only allows passage of select solutes that are beneficial to the host, but also effectively prevents the passage of antigens, bacterial toxins, and pathogens \[[@CR3]\]. Damage in the intestinal barrier, characterized by increased intestinal permeability, usually augments the risk of enteric infection, promotes the translocation of luminal bacteria, toxins, and antigens into subepithelial tissues, and finally results in inflammatory reactions and gastrointestinal diseases \[[@CR2]\]. These are the most common pathogenic factors of severe diarrhea in piglets. Therefore, the integrity and function of intestinal barrier play an important role in alleviating diarrhea of weaned piglets.

For the sake of animal food safety and environmental protection, the era of banning antibiotics has come and the policy of limiting high zinc and high copper has been implemented. Therefore, it is extremely urgent to seek effective and natural pollution-free alternatives like plant extracts as substitutes for antibiotics, zinc oxide, high copper, etc. Tannic acid (TA) is one of the typical representatives of high molecular weight polyphenol compounds that mainly exist in a wide variety of plants, such as plant-derived feeds, grains, and fruits \[[@CR4]\]. TA was usually considered as an anti-nutritional factor (ANF) in the past because it forms complexes with proteins, polysaccharides, digestive enzymes and metal ions, which are not conducive to the digestion and absorption of nutrients by animals and even considered to be toxic \[[@CR5], [@CR6]\]. Interestingly, some recent studies have shown that dietary TA has no effect or has some beneficial effect on the nutrient digestibility and growth performance of animals, which is contrary to the previous public cognition of TA \[[@CR7], [@CR8]\]. In addition, many medicinal plants with effect on mitigating diarrhea have revealed the presence of TA, like Gallnut contains massive TA, which even can reach 50--70% of its weight \[[@CR9]\]. Subsequently, the anti-diarrhea, anti-oxidation, microbial homeostasis regulation and other effects of TA have been found one after another, which have attracted extensive attention of animal nutritionists \[[@CR4], [@CR10]\].

TA has a strong convergence effect in the gastrointestinal tract of pigs and poultry, which slows down intestinal peristalsis, strengthens colonic water and electrolyte reabsorption, and further alleviates the occurrence of diarrhea \[[@CR9], [@CR11]\]. Moreover, TA has been proved to improve intestinal damage, increase villus height \[[@CR12]\] and reduce crypt depth \[[@CR13]\], thus improving the integrity of intestinal morphology and structure. However, knowledge about the influence of dietary supplementation of TA in piglets on intestinal barrier integrity and function is still scarce. Therefore, this study was aimed to investigate the effects of dietary TA supplementation on growth performance, diarrhea rate, intestinal barrier integrity and function of weaned piglets. In this way, we try to explain the effects and the underlying mechanism of TA for alleviating post-weaning diarrhea.

Methods {#Sec2}
=======

The experimental procedures used in this study were approved by the Institutional Animal Care and Use Committee of Sichuan Agricultural University.

Experimental animals, diet and design {#Sec3}
-------------------------------------

A total of 108 crossbred piglets (Duroc × Landrace × Yorkshire, weaned at 21 ± 1 d of age), with an initial average body weight of 6.6 ± 0.27 kg, were allocated to 3 groups (6 pigs/pen and 6 replicates/group) on the basis of their gender and body weights. Piglets were fed the basal diet supplemented with 0 (control, CON), 0.2% and 1.0% TA, respectively. These TA levels were obtained by adding tannalbin containing 51% TA and 40.17% protein. Namely, tannalbin was added to the diet for 0, 0.4% and 2.0% at the expense of the soybean meals in the equal amount. Tannalbin, a compound of tannic acid with protein was provided by Guangzhou Insighter Biotechnology Co., Ltd. (GuangZhou, China) and in which tannic acid is extracted from Gallnut. According to pharmacopoeia, tannalbin decomposes into TA after entering the small intestine. The feeding experiment lasted for 28 d. The basal diet was formulated according to the National Research Council (NRC 2012) recommendations to meet or exceed the nutritional requirements (Table [1](#Tab1){ref-type="table"}). The analyzed levels of TA in experimental diets for 0.2% and 1.0% TA groups were 1973.09 mg/kg, 12,004.84 mg/kg, respectively. All pigs had free access to feed and water in this 28-d experimental period. The ambient temperature was maintained at 26 ± 2 °C, and relative humidity was controlled at 60% ± 5%. Table 1Ingredients composition and nutrient levels of basal diets (as-fed basis)Item%Calculated composition^a^%Corn31.37DE, MJ/kg14.69Extruded corn29.15CP18.57Soybean meal8.00Ca0.74Fermented soybean meal5.00Total P0.59Extruded soybean4.00Available P0.42Soybean protein concentrate5.00*D*-Lysine1.31Soybean oil1.50*D*-Methionine0.44Sucrose3.00*D*-Methionine + Cystine0.69Whey powder6.70*D*-Threonine0.79Fish meal3.50*D*-Tryptophan0.22Salt0.40*L*-Lysine HCl0.42*DL*-Methionine0.15*L*-Threonine0.11Tryptophan0.02Choline chloride0.10Limestone0.75Dicalcium phosphate0.58Vitamin premix^b^0.05Mineral premix^c^0.20^a^ Values are calculated^b^ The premix provides following per kilogram of diet: vitamin A, 15,000 IU; vitamin D~3~, 5,000 IU; vitamin E, 40 mg; vitamin K, 5 mg; vitamin B~1~, 5 mg; vitamin B~2~, 12.5 mg; vitamin B~6~, 6 mg; vitamin B~12~, 0.06 mg; folic acid, 2.5 mg; nicotinic acid, 50 mg; *D*-pantothenic acid, 25 mg; *D*-biotin, 0.25 mg^c^ The premix provides following per kilogram of diet: Fe (as ferrous sulfate), 100 mg; Cu (as copper sulfate), 6 mg; Mn (as manganese sulfate), 4 mg; Zn (zinc sulfate), 100 mg; I (potassium iodide), 0.14 mg; Se (as sodium selenite), 0.35 mg

Growth performance and diarrhea {#Sec4}
-------------------------------

All piglets were individually weighed at the beginning (0 d), middle (14 d) and end (28 d) of the experiment after 12 h of fasting, and average daily gain (ADG) was calculated. The feed intake of each pen was recorded every day to calculate the average daily feed intake (ADFI), and feed to gain ratio (F:G) was calculated using feed intake and body weight gain. The incidence of diarrhea for each pen was observed and recorded at 09:00 and 20:00 h each day during the experimental period. The incidence and severity of piglet diarrhea were assessed by scoring fecal consistency: Scores were 0 = normal, firm feces; 1 = soft feces, possible slight diarrhea; 2 = definitely unformed, moderately fluid feces; 3 = very watery and frothy diarrhea. Piglets were considered to be diarrheic when the diarrhea score was 2 or above, and data were reported as a cumulative score for all pigs on each day \[[@CR14], [@CR15]\]. Diarrhea rate was calculated according to the formula \[[@CR16]\]: diarrhea rate (%) = Σ (the number of pigs with diarrhea per pen × days of diarrhea)/(total number of piglets × 28 d) × 100. The diarrhea index was calculated in accordance to our previous report \[[@CR17]\]: diarrhea index = sum of diarrhea scores of pigs per pen/(number of piglets per pen × total days).

Sample collection {#Sec5}
-----------------

In the morning of the 29^th^ day after fasting for 12 h, six pigs from each group (one pig per pen) were selected based on average body weight. Blood samples were collected from anterior cava vein into vacuum tubes without anticoagulant, and were then centrifuged at 3,500×*g* for 10 min at 4 °C. The serum was separated into centrifuge tubes and stored at − 20 °C for further analysis. After the blood collection was completed, the same 18 pigs were euthanized with intravenous injection of chlorpromazine hydrochloride (3 mg/kg body weight) reported by Chen et al. \[[@CR18]\]. The abdominal cavity of the piglets was then opened, and duodenum, jejunum and ileum were quickly separated on the basis of anatomical structures. Intestinal tissue segments of about 2 cm were immediately separated from the proximal sections of the duodenum, jejunum and ileum with carefulness to avoid squeezing, and fixed in 4% paraformaldehyde solution for intestinal morphology and immunofluorescence analysis. The remaining duodenum and ileum segments and the jejunum segment of about 10 cm (each pig was selected at the same site) were cut longitudinally, and gently washed by 0.9% of pre-cooled saline. Then, the intestinal mucosa was gently scraped by a sterile microscope glass slide into a sterile frozen storage tube (a new glass slide was required for each intestinal segment and the whole process was operated on ice), and then stored to − 80 °C so as to facilitate the determination of gene expression and MDA content.

Serum parameter measurements {#Sec6}
----------------------------

The *D*-lactic acid concentration and diamine oxidase (DAO) activity in serum were measured spectrophotometrically by using the corresponding ELISA kits (Jiangsu Meimian Industrial, Inc., Jiangsu, China) according to the manufacturer's instructions.

MDA content in serum and intestinal mucosa {#Sec7}
------------------------------------------

The MDA content in serum was directly detected by using the commercial reagent kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) with UV-VIS Spectrophotometer (UV1100, MAPADA, Shanghai, China) according to the manufacturer's instructions. The frozen small intestinal mucosal samples were weighed (approximately 0.5 g) and homogenized in pre-cooled physiological saline solution (1:9, weight/volume). The supernatant solution was collected into centrifuge tubes after homogenate mixture was centrifuged at 3,500×*g* for 10 min at 4 °C to determine intestinal MDA content. MDA content in small intestinal mucosa was detected using commercial kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) with a UV-VIS Spectrophotometer (UV1100, MAPADA, Shanghai, China) according to the manufacturer's instructions. Total protein concentration of supernatant solution was determined as the protein standard using the Braford brilliant blue method by the commercial kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). All samples were measured in triplicate.

Intestinal morphology {#Sec8}
---------------------

The morphology including villus height, crypt depth, intestinal wall thickness and mucosal thickness of duodenum, jejunum and ileum were measured after samples were fixed in 4% paraformaldehyde solution for 24 h according to the procedure described in the study of He et al. \[[@CR17]\]. Simply speaking, the fixed intestinal samples were dehydrated in ethanol, cleared in xylene, and embedded in paraffin wax. Then, the samples were transverse sectioned at a 5-μm thickness and installed on glass slides. Paraffin sections were dewaxed to water with xylene, ethanol and distilled water, and stained with hematoxylin and easin. Finally, the slices were sealed with neutral gum after being dehydrated again for a light microscopy examination. A minimum of 10 well-oriented, intact villi and crypt was measured with Image-pro plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) for each intestinal sample. In the same way, the thickness of mucosal layer and intestinal wall was measured at 10 sites of each sample.

Immunofluorescence analysis {#Sec9}
---------------------------

Immunofluorescence assay was used to determine the localization and expression of occludin in duodenal, jejunal and ileal tissue. The preparation steps of paraffin sections were the same as intestinal morphology analysis. After dewaxed to water with xylene, ethanol and distilled water, the tissue sections were placed in ethylene diamine tetraacetic acid (EDTA) buffer (pH 8.0, Servicebio Technology Co., Ltd., Wuhan, China) for antigen retrieval. And then, the slides were washed 3 times in phosphate buffer saline (PBS, pH 7.4). A histochemical pen (Gene Technology Co., Ltd., Shanghai, China) was used to draw a circle around the tissue to prevent the antibody from flowing away, autofluo quencher were added for 5 min, and then incubated with 3% BSA. Subsequently, the tissue sections were incubated overnight at 4 °C with rabbit anti-occludin polyclonal antibody (1:200; Abcam plc., Cambridge, UK). After slides were washed 3 times with PBS, the goat anti-rabbit IgG-Cy3 secondary antibody (Servicebio Technology Co., Ltd., Wuhan, China) was added to the circle to cover the tissues and then incubated at room temperature in the dark for 50 min. Slides were washed with PBS and the 4′,6-diamidino-2-phenylindole (DAPI, Servicebio Technology Co., Ltd., Wuhan, China) was dripped into the circle and incubated at room temperature in the dark for 10 min. Finally, slides were washed with PBS and sealed with anti-fluorescence quenching sealer (Servicebio Technology Co., Ltd., Wuhan, China). All slides were observed, and the images were collected using a confocal scanning microscope (NIKON ECLIPSE TI) and NIKON DS-U3 software. The localization and expression of occludin in the small intestine was analyzed by fluorescence evaluation. DAPI stain in the images indicates live cells.

Relative quantitative real-time PCR {#Sec10}
-----------------------------------

The frozen small intestinal mucosa sample (approximately 0.1 to 0.2 g) was ground into powder (liquid nitrogen was continuously added during grinding to maintain a lower temperature) and added into a sterile centrifuge tube containing 1 mL RNAiso Plus reagent (TaKaRa, Dalian, China). Then, the total RNA was extracted from duodenal, jejunal and ileal mucosa following the manufacturer's instructions. For each sample, the concentration and quality of total RNA were verified by using a spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA) at 260 and 280 nm. The optical density (OD) ratio (260 nm/280 nm) was between 1.8 and 2.0. Moreover, the integrity of RNA was determined by formaldehyde agarose gel electrophoresis. RNA of each sample was reverse-transcribed using the PrimeScript™ RT reagent Kit (TaKaRa Biotechnology Inc., Dalian, China) according to the manufacturer's directions.

Quantitative real-time PCR (qRT-PCR) was performed to determine the mRNA expression levels of zonula occludens-1 (*ZO-1*), zonula occludens-2 (*ZO-2*), occludin (*OCLN*), claudin-1 (*CLDN-1*) and claudin-2 (*CLDN-2*) using an CFX96™ Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA) and SYBR Green reagents (TakaRa, Dalian, China) according to the manufacturer's protocol. The specific primers for them were commercially synthesized and purchased from Sangon Biotech Co., Ltd. (Shanghai, China) and were listed in Table [2](#Tab2){ref-type="table"}. The 10 μL qRT-PCR system consisted of 5 μL SYBR Green (TaKaRa, Dalian, China), 0.5 μL forward primer, 0.5 μL reverse primer, 3 μL nuclease-free H~2~O and 1 μL cDNA template. The reactions were performed at 95 °C for 30 s, 40 cycles of denaturization at 95 °C for 5 s, and annealing at annealing temperature for 30 s with a final extension at 72 °C for 5 min. And *GAPDH* was used as the reference gene transcript. The specificity of PCR amplification was confirmed by melting curve analysis. All samples were repeated in triplicate and results of the relative expression ratio of target genes relative to the reference gene were calculated using the 2^--ΔΔCt^ method \[[@CR19]\]. Table 2Primers used for real-time quantitative PCRGeneAccession No.Primer sequences (5′→3′)Size, bp*ZO-1*XM_005659811.1F: CAGCCCCCGTACATGGAGA114R: GCGCAGACGGTGTTCATAGTT*ZO-2*NM_001206404.1F: ATTCGGACCCATAGCAGACATAG90R: GCGTCTCTTGGTTCTGTTTTAGC*OCLN*NM_001163647.2F: CTACTCGTCCAACGGGAAAG158R: ACGCCTCCAAGTTACCACTG*CLDN-1*NM_001258386.1F: GCCACAGCAAGGTATGGTAAC140R: AGTAGGGCACCTCCCAGAAG*CLDN-2*NM_001161638.1F: GCATCATTTCCTCCCTGTT156R: TCTTGGCTTTGGGTGGTT*GAPDH*NM_001206359.1F: TGAAGGTCGGAGTGAACGGAT114R: CACTTTGCCAGAGTTAAAAGCA*ZO-1* Zonula occluden 1, *ZO-2* Zonula occluden 2, *OCLN* Occludin, *CLDN-1* Claudin 1, *CLDN-2* Claudin 2, *GAPDH* Glyceraldehyde-3-phosphate dehydrogenase, *F* Forward, *R* Reverse

Statistical analysis {#Sec11}
--------------------

Data were analyzed by a one-way ANOVA analysis using the GLM procedure of SAS 9.2 (SAS Institute Inc., Cary, NC, USA) in a completely randomized design. Each pen formed the experimental unit for pig growth performance and diarrhea indicators, and the selected pig served as the experimental unit for other traits. All data for diarrhea evaluation were converted by arcsine square root transformation for statistics. Results were presented as means and standard error of means (SEM). A Duncan's multiple comparison was applied to analyze the differences among groups. Linear and Quadratic contrasts were used to determine the dose effect of tannic acid in weaned piglets. A *P*-value of *P* \< 0.05 was considered statistically significant, and 0.05 \< *P* ≤ 0.10 were accepted as representing tendencies to differences.

Results {#Sec12}
=======

Growth performance and diarrhea {#Sec13}
-------------------------------

As shown in Table [3](#Tab3){ref-type="table"}, there were no differences in ADFI, ADG and F:G between the 3 groups of pigs (*P* \> 0.05). As shown in Table [4](#Tab4){ref-type="table"}, the addition of 0.2 and 1.0% TA to the diet linearly reduced the diarrhea rate, diarrhea index and diarrhea score of weaned piglets compared to the CON group (*P* \< 0.05). Table 3Effects of tannic acid (TA) on growth performance in weaned pigletsItemAdded tannic acid, %SEM*P*-value00.21.0ANOVALinearQuadraticInitial BW, kg6.66.66.60.271.0000.9960.999Final BW, kg12.713.412.70.690.7270.7580.4690 to 14 d ADFI, g265.6281.8271.924.440.8950.9760.644 ADG, g154.3165.1151.616.200.8260.7600.598 F:G ratio1.761.711.800.060.5870.4420.48715 to 28 d ADFI, g528.7560.6540.224.860.6610.9750.372 ADG, g281.8318.4280.820.580.3640.6140.188 F:G ratio1.881.791.940.070.2940.2640.2710 to 28 d ADFI, g397.1421.2406.123.080.7610.9740.467 ADG, g218.1241.7216.216.440.4900.6410.277 F:G ratio1.831.761.890.050.1520.1480.171CON, piglets receiving a basal diet; CON + 0.2% TA, piglets receiving a basal diet supplemented with 0.2% TA; CON + 1.0% TA, piglets receiving a basal diet supplemented with 1.0% TA; ADFI, average daily feed intake; ADG, average daily gain; F:G, feed:gain ratioTable 4Effects of tannic acid (TA) on diarrhea rate, diarrhea index and diarrhea score in weaned pigletsItemAdded tannic acid, %SEM*P*-value00.21.0ANOVALinearQuadratic0 to 14 d Diarrhea rate, %19.4^a^13.0^ab^8.7^b^2.460.0350.0130.413 Diarrhea index0.50.30.20.070.0760.0340.335 Diarrhea score141180.420.0610.0240.40915 to 28 d Diarrhea rate, %16.8^a^10.2^a^2.9^b^1.990.00040.00010.392 Diarrhea index0.4^a^0.2^a^0.1^b^0.050.0010.00030.516 Diarrhea score11^a^9^a^3^b^0.280.0010.00020.6280 to 28 d Diarrhea rate, %18.1^a^11.6^a^5.8^b^2.050.0040.0010.353 Diarrhea index0.4^a^0.3^ab^0.1^b^0.050.0090.0030.354 Diarrhea score13^a^10^ab^5^b^0.310.0080.0030.452CON, piglets receiving a basal diet; CON + 0.2% TA, piglets receiving a basal diet supplemented with 0.2% TA; CON + 1.0% TA, piglets receiving a basal diet supplemented with 1.0% TA^a,b^Mean values with unlike superscript letters were significantly different (*P* \< 0.05)

Intestinal permeability and the localization of occludin {#Sec14}
--------------------------------------------------------

The effects of dietary TA supplementation on serum parameters are presented in Table [5](#Tab5){ref-type="table"}. Compared with the CON group, 0.2% and 1.0% TA in the diet significantly reduced DAO activity and D-lactic acid concentration in serum (*P* \< 0.01). The representative image of the occludin stained using immunofluorescence in the small intestinal epithelium is shown in Fig. [1](#Fig1){ref-type="fig"}. In CON group, occludin staining was diffused with less staining in the epithelium membrane, indicating possible disruption of the tight junction. Meanwhile, occludin was localized to the cell membrane region in the duodenal epithelium of piglets fed 0.2% or 1.0% TA diet. The expressions of occludin in the duodenum, jejunum and ileum were remarkably increased by 0.2% and 1.0% TA diet. Table 5Effects of tannic acid (TA) on serum parameters in weaned pigletsItemAdded tannic acid, %SEM*P*-value00.21.0ANOVALinearQuadraticDAO, IU/L220.9^a^201.3^b^193.3^b^3.65\< 0.001\< 0.0010.009*D*-Lactate, μg/mL1.46^a^1.36^b^1.31^b^0.030.0060.0040.074CON, piglets receiving a basal diet; CON + 0.2% TA, piglets receiving a basal diet supplemented with 0.2% TA; CON + 1.0% TA, piglets receiving a basal diet supplemented with 1.0% TA; DAO, diamine oxidase^a,b^Mean values with unlike superscript letters were significantly different (*P* \< 0.05)Fig. 1Effect of tannic acid (TA) on expression and localization of occludin protein in small intestine of weaned piglets (scale bar: 100 μm). The localization of tight junction protein occludin in duodenum (**a**), jejunum (**b**) and ileum (**c**) of weaned piglets was visualized using immunofluorescence technique. The localization of occludin (red), DAPI (blue), as well as merged occludin and DAPI are shown. DAPI stain indicates live cells. CON, piglets receiving a basal diet; CON + 0.2% TA, piglets receiving a basal diet supplemented with 0.2% TA; CON + 1.0% TA, piglets receiving a basal diet supplemented with 1.0% TA

Intestinal morphology {#Sec15}
---------------------

The intestinal morphology is given in Table [6](#Tab6){ref-type="table"}. In the duodenum, dietary TA supplementation had no effect on villus height and the thickness of mucosa and duodenal wall (*P* \> 0.05). Notably, the 0.2% TA group significantly reduced crypt depth and increased villus height/crypt depth ratio compared to the CON group and the 1% TA treatment (*P* \< 0.05). In the jejunum, dietary TA supplementation had no effect on jejunal morphology, including villus height, crypt depth, mucosal and intestinal wall thickness (*P* \> 0.05). In the ileum, no significant effect of dietary TA supplementation was observed on the thickness of mucosa and ileal wall (*P* \> 0.05). Strangely, although the 1.0% TA group tended to reduce the crypt depth (*P* = 0.063), it significantly reduced the villus height compared with the CON group (*P* \< 0.05). Table 6Effects of tannic acid (TA) on intestinal morphology in weaned pigletsItemAdded tannic acid, %SEM*P*-value00.21.0ANOVALinearQuadraticDuodenum Villus height, μm354.4337.6357.214.250.5850.6420.362 Crypt depth, μm182.4^a^148.0^b^175.6^a^8.080.0210.6540.007 Villus height: Crypt depth1.96^b^2.30^a^2.04^b^0.080.0300.7670.010 Mucosal thickness, μm794.6747.7847.940.960.2550.1970.296 Intestinal wall thickness, mm1.401.381.560.060.1240.0530.545Jejunum Villus height, μm357.8386.4399.915.090.1670.1050.319 Crypt depth, μm161.3163.9169.79.880.8270.5480.945 Villus height: Crypt depth2.242.382.390.130.6740.5360.533 Mucosal thickness, μm683.9657.2646.231.770.6950.4790.648 Intestinal wall thickness, mm1.031.001.040.040.7380.6670.523Ileum Villus height, μm353.6^a^385.3^a^288.9^b^21.110.0170.0120.124 Crypt depth, μm176.7166.1140.910.050.0630.0210.794 Villus height: Crypt depth2.012.382.040.150.1950.6260.085 Mucosal thickness, μm542.0533.2593.063.850.7770.5080.821 Intestinal wall thickness, mm1.051.151.130.080.6740.6250.465CON, piglets receiving a basal diet; CON + 0.2% TA, piglets receiving a basal diet supplemented with 0.2% TA; CON + 1.0% TA, piglets receiving a basal diet supplemented with 1.0% TA^a,b^Mean values with unlike superscript letters were significantly different (*P* \< 0.05)

MDA content in serum and small intestine {#Sec16}
----------------------------------------

Table [7](#Tab7){ref-type="table"} presents the MDA content in serum and small intestine of weaned pigs. Dietary TA supplementation had no effect on MDA content in serum, duodenum and jejunum (*P* \> 0.05), but 1.0% TA group significantly reduced the MDA content in the ileum compared with the CON group (*P* \< 0.05). Table 7Effects of tannic acid (TA) on MDA content in serum and small intestine of weaned pigletsItemAdded tannic acid, %SEM*P*-value00.21.0ANOVALinearQuadraticSerum MDA, nmol/mL3.803.523.620.220.6740.7610.412Duodenal MDA, nmol/mg prot.0.550.550.550.050.9990.9590.996Jejunal MDA, nmol/mg prot.0.820.550.760.120.2650.8580.111Ileal MDA, nmol/mg prot.1.30^a^1.00^ab^0.81^b^0.110.0230.0140.179CON, piglets receiving a basal diet; CON + 0.2% TA, piglets receiving a basal diet supplemented with 0.2% TA; CON + 1.0% TA, piglets receiving a basal diet supplemented with 1.0% TA; MDA, malondialdehyde^a,b^Mean values with unlike superscript letters were significantly different (*P* \< 0.05)

Gene expression of tight junction protein {#Sec17}
-----------------------------------------

The expression levels of *ZO-1*, *ZO-2*, *OCLN*, *CLDN-1* and *CLDN-2* mRNA in the small intestinal mucosa are shown in Fig. [2](#Fig2){ref-type="fig"}. In the duodenum, compared with the CON group, the higher *ZO-2* mRNA expression levels of supplemented with 0.2% TA and *OCLN* mRNA levels of supplemented with 0.2% and 1.0% TA were determined (*P* \< 0.05). In addition, supplementation with 1.0% TA tended to up-regulate *OCLN* mRNA expression levels in the jejunum (*P* = 0.054), and meanwhile, similar trend was shown for *ZO-1* mRNA levels of dietary 0.2% TA supplementation in the ileum compared with the CON group (*P* = 0.055). Fig. 2Effect of tannic acid (TA) on mRNA levels of tight junction protein-related genes in small intestine of weaned piglets. The mRNA expressions of tight junction protein-related genes in duodenum (**a**), jejunum (**b**), and ileum (**c**) of weaned piglets. CON, piglets receiving a basal diet; CON + 0.2% TA, piglets receiving a basal diet supplemented with 0.2% TA; CON + 1.0% TA, piglets receiving a basal diet supplemented with 1.0% TA; *ZO-1*, zonula occludens 1; *ZO-2*, zonula occludens 2; *OCLN*, occludin; *CLDN-1*, claudin 1; *CLDN-2*, claudin 2. The values shown represent the means ± SEM, *n* = 6; ^a,b^Mean values with unlike superscript letters were significantly different (*P* \< 0.05)

Discussion {#Sec18}
==========

Generally, TA is unfavorable to animal growth in non-ruminant animals \[[@CR20]--[@CR22]\], but the experiment results are varied. Dietary TA supplementation at 125, 250, 500 and 1000 mg/kg levels have shown to linearly reduce ADG and feed efficiency in weanling pigs \[[@CR6]\]. Studies in broilers showed that adding 0.07% and 0.2% TA (sweet chestnut wood extract) to the diet had no effect on ADFI, ADG and feed conversion ratio \[[@CR23]\]. In agreement with this, the present work demonstrated that adding 0.2% or 1.0% TA to the diet had no significant effect on ADFI, ADG and F:G in weaned piglets. Moreover, dietary supplemented with 0.5% or 1% TA indicated no adverse effect on growth performance, but the higher dosage, 1.5% TA, decreased ADFI in pigs \[[@CR24]\], suggesting the biological effects of TA are dose-dependent. On the contrary, other studies have shown that tannins could improve the growth performance of pigs and broiler chicks \[[@CR13], [@CR25], [@CR26]\], or improve feed utilization and final body weight of broilers \[[@CR7]\]. It's well known that TA has positive effects on gastrointestinal tract of animals, such as anti-oxidation and antibacteria, however toxic and anti-nutritional effects also exist \[[@CR27]\]. These effects seem to be closely related to the source, concentration and chemical structure of TA and animal species \[[@CR5]\]. Thus, we hypothesized that TA concentration in our experimental diet might be not high enough to impair growth performance of weaned piglets. On the other hand, dietary tannalbin was applied to introduce TA to the pigs in our experiment. Tannalbin has a less adverse effect on the palatability of the diet, because the protein neutralizes the astringency of TA in oral cavity, which may also explain why TA has no obvious effect on the growth performance, especially the feed intake.

For a long time, post-weaning diarrhea has been treated or prevented by feed antibiotics and zinc oxide in the piglet's feed or water \[[@CR28], [@CR29]\]. The development of feed strategies to promote gut health and to minimize the use of antibiotics and zinc oxide in piglets is essential for the sustainability of the pig industry. Previous studies have reported that TA is the active constituent of many medicinal plants used for treating diarrhea in rats \[[@CR30]\]. TA has been reported as a potential treatment for diarrhea in rats \[[@CR31]\]. Moreover, *Galla Chinensis* extract (rich in TA) also played an anti-diarrhea role in castor oil and heat-labile enterotoxin (LT)-induced diarrhea models in mice \[[@CR9], [@CR32]\]. Our experimental results showed that dietary supplementation of 0.2% or 1.0% TA significantly reduced the diarrhea rate of weaned piglets, which is consistent with previous research results. These indicate that TA may be a good substitute for antibiotics, zinc oxide and high copper to reduce piglet diarrhea in the era of banning antibiotics.

To understand the underlying mechanism by which TA alleviates post-weaning diarrhea, the effect of TA on intestinal barrier integrity and function has been determined. The integrity of intestinal barrier is the basis for preventing pathogenic bacteria, toxins, antigens and other harmful substances in intestinal lumen from entering blood circulation or other organs and tissues through intestinal mucosa and maintaining the stability of internal environment in animals' body. Impaired intestinal barrier is usually a major cause of diarrhea in piglets after weaning. Therefore, improving the intestinal barrier damage caused by weaning stress is very important for relieving diarrhea in piglets. Stress related to weaning in piglets leads to impairment of the intestinal mucosal barrier with thinning of intestinal wall and increase of intestinal permeability \[[@CR1], [@CR33]\]. Intestinal permeability can be evaluated by some blood indexes such as DAO activity and *D*-lactic acid concentration, which are considered as quantitative and sensitive circulating markers for monitoring the degree of intestinal barrier damage \[[@CR3]\]. DAO is a highly active intracellular enzyme existing in mammalian intestinal villi cells, and it will be released into the blood when intestinal epithelial cells and barriers are damaged \[[@CR34]\]. Similarly, *D*-lactic acid is a bacterial metabolite existing in the intestinal lumen and permeates into the blood when the intestinal barrier is damaged \[[@CR35]\]. The present study showed that dietary 0.2% and 1.0% TA supplementation reduced DAO activity and *D*-lactic acid concentration in serum of weaned piglets, indicating that TA is beneficial to reduce intestinal permeability.

Intestinal morphology is the most common and direct method to evaluate the integrity and function of intestinal barrier. The integrity of intestinal morphological structures plays a crucial role in maintaining normal intestinal function \[[@CR36]\]. Acute or persistent structural and functional changes of small intestine induced by weaning stress are mainly manifested in atrophy of intestinal villi and increase of crypt depth after weaning of piglets. Such changes are known to reduce digestive and absorptive capacities and contribute to post-weaning diarrhea \[[@CR37]\]. Diets supplemented with hydrolysable tannin increased villus height, villus perimeter and mucosal thickness of duodenum in fattening boars \[[@CR12]\] and reduced crypt depth of ileum in weaned piglets \[[@CR13]\]. Our finding showed that dietary supplementation of 0.2% TA significantly reduced crypt depth and increased the ratio of villus height to crypt depth in duodenum, suggesting that TA is helpful to promote the reconstruction of intestinal morphology after injury. The decrease of crypt depth may be beneficial to reduce post-weaning diarrhea of piglets because the crypts in the small intestine mainly have a secretory function \[[@CR13]\]. Surprisingly, although the addition of 1.0% TA to the diet tended to reduce the crypt depth of ileum, it also significantly reduced the villus height. The specific reasons for this phenomenon need to be further explored.

As we know, weaning stress of piglet leads to excessive production of reactive oxygen species (ROS), which breaks the balance between oxidation system and antioxidant system, forms oxidative stress and leads to tissue damage, including intestinal barrier injury. Therefore, oxidative stress inhibition may be an effective strategy to repair intestinal barrier damage \[[@CR38]\]. The MDA, a lipid peroxidation product, is a marker of oxidative stress and is considered as an indicator to reflect the degree of cell damage and lipid peroxidation \[[@CR3], [@CR38]\]. In our study, dietary supplementation of 1.0% TA significantly reduced MDA content in the ileum, which was in accordance with previous study in rats \[[@CR39]\], indicating that TA is beneficial to reduce oxidative stress.

Tight junctions (TJs) are known to be the most important connection mode between intestinal mucosal cells, which is mainly composed of transmembrane proteins (e.g., occludin, claudins) and cytosolic proteins (e.g., ZOs), and plays a crucial role in maintaining intestinal mucosal permeability and the integrity of the epithelial barrier \[[@CR40]\]. Weaning stress generally increases intestinal permeability via destroying TJs, such as decreasing the expression of *OCLN* and *ZO-1* for piglets \[[@CR35]\], and leads to increased penetration of pathogenic bacteria, toxins and antigens, and increases the incidence of diarrhea \[[@CR41]\]. In this study, addition of 0.2% or 1.0% TA to the diet significantly up-regulated the expression of *OCLN* and *ZO-2* mRNA in the duodenum, meanwhile tended to up-regulate the expression of *OCLN* mRNA in the jejunum and *ZO-1* mRNA in the ileum. Moreover, we also found that the transmembrane tight junction protein expressions were significantly increased and the localization to the cell membrane of the intestinal epithelium were improved with the addition of dietary TA by immunofluorescence analysis. The above findings suggest that TA decreased epithelial permeability, improved intestinal barrier integrity, and may help to prevent invasions of pathogens and reduce the incidence of diarrhea in pigs.

Conclusion {#Sec19}
==========

In conclusion, this study has provided evidence that adding TA at a concentration of 0.2% and 1.0% to the diet can alleviate post-weaning diarrhea in piglets without reducing growth performance. Moreover, dietary TA supplementation reduced intestinal permeability, alleviated intestinal mucosal damage, and up-regulated the expression of intestinal epithelial tight junction protein, indicating that TA exerted anti-diarrhea effect on weaned piglets by improving intestinal barrier integrity and function.
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